ABSTRACT Current statistical approaches to investigate the nature and magnitude of transmission ratio distortion (TRD) are scarce and restricted to the most common experimental designs such as F 2 populations and backcrosses. In this article, we describe a new Bayesian approach to check TRD within a given biallelic genetic marker in a diploid species, providing a highly flexible framework that can accommodate any kind of population structure. This model relies on the genotype of each offspring and thus integrates all available information from either the parents' genotypes or population-specific allele frequencies and yields TRD estimates that can be corroborated by the calculation of a Bayes factor (BF). This approach has been evaluated on simulated data sets with appealing statistical performance. As a proof of concept, we have also tested TRD in a porcine population with five half-sib families and 352 offspring. All boars and piglets were genotyped with the Porcine SNP60 BeadChip, whereas genotypes from the sows were not available. The SNP-by-SNP screening of the pig genome revealed 84 SNPs with decisive evidences of TRD (BF . 100) after accounting for multiple testing. Many of these regions contained genes related to biological processes (e.g., nucleosome assembly and co-organization, DNA conformation and packaging, and DNA complex assembly) that are critically associated with embryonic viability. The implementation of this method, which overcomes many of the limitations of previous approaches, should contribute to fostering research on TRD in both model and nonmodel organisms.
T RANSMISSION ratio distortion (TRD) is the departure from the expected Mendelian inheritance ratio in offspring (Silver 1993; Pardo-Manuel de Villena et al. 2000; Casellas et al. 2012) . Although this phenomenon has been reported in humans (Evans et al. 1994; Vorechovsky et al. 1999; Pardo-Manuel de Villena and Sapienza 2001) and mice (Wakasugi 1974; Lyon 1991; Wu et al. 2005) , little is known about its causes and prevalence in livestock species such as pigs. This TRD can originate from diverse biological mechanisms such as germline selection , meiotic drive (Agulnik et al. 1990; Lyon 1991; Dyer et al. 2007) , gametic competition and imprinting errors Labbe et al. 2013) , embryo or fetal failure (Wakasugi 1974) , and differential postnatal viability (Moore 2006; Casellas 2007) .
The incidence, biological nature, and magnitude of TRD in livestock species are mostly unknown. This is a relevant issue because reproductive performance is one of the traits with a major impact on the economic output of farms. Identifying the genetic factors that modulate differential survival of gametes, zygotes, and embryos may have multiple applications on the improvement of reproductive success. From a scientific viewpoint, TRD can be also a relevant confounding factor in identity-by-descent sharing and transmission disequilibrium test association studies, complicating the identification of the causal mutations underlying the variation of phenotypes under study . Despite its relevance, TRD cannot be easily addressed in domestic species because of incomplete pedigrees and the incidence of ungenotyped individuals in the parental generation. These peculiarities prevented the implementation of classical statistical approaches such as standard x 2 (Underkoffler et al. 2005) or t-tests (Shendure et al. 1998) , and missing genotypes in the parental generation can become a major problem if expected offspring genotypes cannot be anticipated by the nature of the experimental cross itself (e.g., F 2 design).
Herewith, we present a new statistical methodology that represents a generalization of the BF approach developed by Casellas et al. (2012) to a much wider range of experimental designs. This method overcomes many of the limitations of previous approaches, models TRD on the basis of each offspring genotype, and traces back allele inheritance to (i) parents' genotypes, if available, or (ii) population-based allele frequencies, if genotypes are not available. As a proof of concept, we have used it to determine the prevalence and genomic distribution of TRD in the pig genome.
Materials and Methods

Transmission ratio distortion model
General parameterization: Previous studies conducted on the TRD phenomena typically relied on classical experimental designs such as backcrosses (Montagutelli et al. 1996; Shendure et al. 1998; Vogl and Xu 2000) and F 2 crosses (Casellas et al. 2012) , where expected frequencies in the last generation were known, even without genotyping parental generations. Such experimental designs allowed researchers to assess the segregation departure by standard x 2 (Paz-Miguel et al. 2001; Underkoffler et al. 2005; Casellas et al. 2012) or t-tests (Shendure et al. 1998) , although they cannot be directly extrapolated to more complex scenarios. In addition, missing genotypes in the parental generation can become a major problem if expected offspring genotypes cannot be anticipated by the nature of the experimental cross itself. Within this context, we propose a new statistical approach that expands the original method developed by Casellas et al. (2012) to a much wider diversity of experimental designs within the TRD framework, even accounting for ungenotyped ancestors if necessary.
Assume as a starting point that a given genetic marker has two alleles A 1 and A 2 . Under a flexible inheritance model, the probability of each genotype to be sampled in the offspring generation is generalized to
where p sire and p dam define the probability of inheritance of a given allele from the sire and the dam, respectively. Assuming that all parents came from the same population, probabilities of inheritance related to ungenotyped parents must be assumed as p dam (A 1 ) = p sire (A 1 ) = p and p dam (A 2 ) = p sire (A 2 ) = (1 -p), where p must be viewed as the allelic frequency of the A 1 allele in the population of origin. Note that TRD cannot be independently assessed in these animals and, if any occurs, accumulates into p. For genotyped individuals, the contribution to the offspring generation from A 1 A 1 homozygous parents reduces to p sire (A 1 ) = p dam (A 1 ) = 1 and p sire (A 2 ) = p dam (A 1 ) = 0 [alternatively, p sire (A 1 ) = p dam (A 1 ) = 0 and p sire (A 2 ) = p dam (A 2 ) = 1 for A 2 A 2 homozygous parents]. Additionally, TRD phenomena Figure 1 (A-E) Plots of the pairwise distribution of allele frequencies, the transmission ratio distortion (TRD) effect, and the Bayes factor, testing TRD on simulated data sets.
can be appropriately modeled on the basis of heterozygous parents only as
where a is the TRD parameter with values defined within the parametric space between -0.5 and 0.5. Note that this parameterization assumes the same TRD effect whatever the sex of the parent. At this point, it is important to highlight the limitations of this assumption and a couple of suitable solutions. Some type or TRD can only be observed through one parent. Meiotic drive restricts to the female gamete because males show symmetric meiosis that results in four functional gametes (Agulnik et al. 1990) , whereas gamete competition restricts to males, at least in mammals . Within these contexts, the previous assumption of sex-independent TRD effects must be seen as wrong and, as a consequence, we should be extremely cautious when trying to implement the TRD model. At least two solutions could be suggested. When genotypes from the parent generation restrict to one sex (see Duroc data below), estimated TRD effects must be free from influences from the ungenotyped sex (i.e., if only sires are genotyped, gamete competition-related TRD effects could be captured, whereas meiotic drive influences could mask within the p parameter, and vice versa). On the other hand, a sex-specific TRD model could be implemented if genotyping data from all parents become available (see the Appendix). In this case, two a parameters are required and missing genotypes in the parental generation cannot be ascertained because we lack additional degrees of freedom for the p parameter. Given that these sex-specific TRD patterns have been rarely reported in the scientific literature, we decided to develop the model within the general framework illustrated above, although specific details about the model with sireand dam-specific a parameters can be found in the Appendix.
Following the standard Bayesian implementation proposed by Casellas et al. (2012) , the conditional posterior distribution of p and a was defined as pðp; ajyÞ } pðyjp; aÞpðpÞpðaÞ;
where y was the column vector of genotypes of the offspring generation. The contribution of each offspring in the likelihood became a straightforward multiplication of the appropriate terms,
where A i A j was the genotype of the offspring and n was the total number of offspring to be evaluated. Given the lack of previous knowledge about p and a, their a priori distributions were assumed flat with appropriate boundaries as follows, pðpÞ ¼ 1 if p 2 ½0; 1 and 0 otherwise pðaÞ ¼ 1 if a 2 ½21=2; 1=2 and 0 otherwise:
Testing for TRD relevance: The BF is the standard Bayesian tool to compare two competing models and focuses on the ratio between their posterior probabilities (Kass and Raftery 1995) . In contrast with likelihood-based approaches for testing significance, it does not require one to define any null or alternative hypothesis model, providing a probability for both candidate models and avoiding the calculation of levels of significance (Kass and Raftery 1995) . As noted by Lavine and Schervish (1999) , the BF measures the change in the odds in favor of a given model (relative to the competing model) when going from the prior to the posterior probability. Within this context, frequentist-based concepts like bias or type-I error are meaningless, and inference relies on probabilities across the parametric space (Blasco 2001) . More specifically, the BF approach applied on our data set derived from Verdinelli and Wasserman (1995) provided an efficient way to compare two nested models that differ in only one parameter Varona et al. 2001) . The statistical relevance of parameter a in the TRD multinomial model can be evaluated by computing the BF between the model including a and a virtual model with a = 0. This BF requires the analysis of only the most complex model Varona et al. 2001) and reduces to
It is important to highlight that p(a = 0) = 1 was previously defined by the a priori probability of a, and therefore, p(a = 0|y) sufficed to obtain the BF. For each sampling iteration, p(a = 0|y) can be calculated on the basis of the marginal posterior distribution of a by applying the RaoBlackwell kernel density estimation (Gelfand and Smith 1990; Wang et al. 1994 ).
Analysis of TRD in the pig genome
High-throughput SNP genotyping of Duroc pigs: Five purebred Duroc boars (Selección Batallé S.A., Riudarenes, Spain) and their 352 offspring were genotyped with the Porcine SNP60 BeadChip (Illumina, San Diego) by applying the Infinium HD Assay Ultra protocol (Illumina). Note that boars were randomly mated with purebred sows from the same Duroc line and each litter contributed a unique male piglet to this study. These piglets were selected at random at an age of 6 weeks, having five families of half-sib piglets with sizes 17, 44, 60, 72, 73, and 86. Although animals were genotyped for 62,163 SNP markers, analyses were performed on 29,373 SNPs (47.3%) after removing all unmapped SNPs (Illumina) and those SNPs with a call rate ,95% or a minimum allele frequency ,5%.
TRD model for the Duroc data set: Given that boars and offspring were genotyped whereas sows lacked genomic data, the TRD model developed above simplifies to a multinomial expression involving five half-sib families of piglets with a common boar. The contribution of each half-sib family in the likelihood must be viewed as a multinomial process,
where p o,i is the probability of a given genotype in piglets sired by i; n i is the total number of genotyped progeny from boar i; and n 11,i , n 12,I , and n 22,i are the within-family numbers of offspring with genotypes A 1 A 1 , A 1 A 2 , and A 2 A 2 , respectively.
Validation of the TRD model through simulation: To evaluate the accuracy and statistical power of the TRD model on Duroc genomic data, additional data sets were generated by assuming the same number of boars and within-boar offspring as in the Duroc data set. A total of 10,000 data sets were generated and genomic data restricted to a unique biallelic genetic marker. The frequency of the A 1 allele (p*) was randomly sampled from a uniform distribution between 0.05 and 0.95, and the TRD parameter (a*) was randomly sampled from a uniform distribution between 20.5 and 0.5. The genotype of each boar was generated by assuming HardyWeinberg equilibrium (Hardy 1908; Weinberg 1908) , although genotypes were deleted and generated again until at least one boar was heterozygous. For each offspring, the "maternal" allele was inherited with probabilities p* (allele A 1 ) and 1 -p* (allele A 2 ), whereas the "paternal" allele from homozygous boars was directly assigned (i.e., A 1 from A 1 A 1 boars and A 2 from A 2 A 2 boars); focusing on heterozygous boars, alleles A 1 and A 2 were inherited with probabilities 0.5 + a* and 0.5 -a*, respectively.
Sampling by Monte Carlo Markov chains: Analyses were performed marker by marker both on simulated and on real genomic data. For each analysis, the Metropolis-Hastings algorithm (Metropolis et al. 1953; Hastings 1970 ) was used to sample from the marginal posterior distribution of p and a. A uniform proposal distribution between 0 and 1 was assumed for p, whereas boundaries moved to 20.5 and 0.5 for the uniform proposal distribution of a. A unique chain of 110,000 iterations was launched for each analysis and the first 10,000 rounds were discarded as burn-in (Raftery and Lewis 1992) . Given the high autocorrelation between successive samples related to the Metropolis-Hastings method, a lag interval of 10 iterations was applied and 10,000 samples of model parameters were used to calculate the posterior distribution of each parameter, using the ergodic property of the chain (Gilks et al. 1996) . Implementation of the parametric bootstrap to correct for multiple testing: Bootstrap methods, introduced by Efron (1979) , have become a routine methodology for approximating the distribution of a statistical quantity of interest, and they have been widely used for multiple-testing correction across multiple genetic markers in genome-wide association studies (Barrett et al. 2005; Purcell et al. 2007) . Within this context, a parametric bootstrap approach was implemented to characterize the expected distribution of the BF specific to each SNP and under the absence of TRD effects. Focusing on a given SNP marker, 10,000 additional data sets were generated by assuming the genotype of each boar as specified in the original data set and characterizing the allelic frequency of the A 1 allele by using one after another, the 10,000 previously collected samples of p during the analysis of the real genomic data. Offspring genotypes were generated as for simulated data sets described above, with the only difference that the paternal allele from heterozygous boars was inherited with probabilities 0.5 (allele A 1 ) and 0.5 (allele A 2 ). Each simulated data set was analyzed by the multinomial TRD model and by launching a unique Monte Carlo Markov chain (MCMC) with 10,000 burn-in iterations and 100,000 sampling iterations. The BF was calculated and stored, and the bootstrapping procedure ended with the calculation of the 0.95th percentile of the bootstrap samples of the BF (BF 0.95 with the BioMart data-mining tool. We took into consideration a window of 1 Mb around each selected region. Subsequently, we generated a list of 775 human genes that happened to be orthologous to the porcine loci identified in the previous step, and they were analyzed with two bioinformatic tools, (a) the Cytoscape plugin BiNGO (Maere et al. 2005) and (b) DAVID bioinformatic resources (Huang et al. 2009 ). Both software models identify significantly enriched Gene Ontology (GO) terms, among a given number of loci, by using the hypergeometric distribution test (Gold et al. 2007 ) and correcting for multiple testing on the basis of the Benjamini and Hochberg (1995) false discovery rate (FDR) (a = 0.05) approach.
Results and Discussion
Evaluating the performance of the multinomial TRD model through simulated data sets
Although a related TRD model approach was successfully implemented and validated on genomic data from F 2 mouse crosses (Casellas et al. 2012) , that parameterization could not be applied to other experimental designs such as half-sib families, a widely used design for quantitative trait loci detection (Georges et al. 1995; Hoeschele et al. 1997) . Within this context, a two-parameter TRD model has been developed and adapted to the context of half-sib families when genotyping data become unavailable from one progenitor. Nevertheless, the statistical properties of this model must be validated on simulated data sets before going deep into the analysis of real populations. As shown in Figure 1 , both the allele frequency in the ungenotyped ancestor ( Figure 1A ) and the sire-specific TRD effect ( Figure 1B ) evidenced a quasi-perfect match between simulated and predicted values. Moreover, both parameters were simulated under independent random processes and, as noted in Figure 1C , the analytical process did not evidence any kind of unexpected connectedness among the unknown parameters of the model during the sampling of their marginal posterior distributions. These plots highlight the suitability of the analytical model for addressing TRD phenomena when model assumptions are satisfied and assuming the same structure as that of the Duroc data set. The statistical relevance of the TRD parameter was evaluated by adapting a specific BF test (Verdinelli and Wasserman 1995) . Allele frequencies of the population of ungenotyped progenitors did not have relevant influences on the BF ( Figure 1D ). In contrast, the existence of a direct relationship between the magnitude of TRD and the BF was without doubt ( Figure 1E ). As expected, the BF favoring the model with nonnull TRD increased with the estimated TRD. Taking as reference the percentage of replicates with BF . 100, i.e., decisive evidence of TRD according to Jeffreys' (1984) scale, it was almost null (0.5%) for |a| # 0.1 and quickly increased to 23.0% (0.1 , |a| # 0.2), 73.1% (0.2 , |a| # 0.3), and 94.2% (0.3 , |a| # 0.4). Indeed, 99.4% of replicates had a BF .100 when |a| . 0.4, and a lower BF was restricted to replicates with one or two heterozygous boars (see results on , inbreeding , and gene expression , and its performance was compared with standard frequentist approaches, revealing a stable and consistent behavior Casellas et al. , 2012 . It is important to mention that we have assumed the absence of genotyping errors when evaluating the performance of this BF approach. As previously demonstrated by Meyer et al. (2012) , transmission disequilibrium tests aimed to detect TRD are very sensitive to genotyping errors, a feature that can increase the rate of false positives. However, in the case of the half-sib design this problem is minimized because genotyping errors in the offspring generation have a low impact on TRD estimates due to the moderate-to-low contribution of each offspring in relation to remaining siblings. In addition, a genotyping error in a given boar must have a null contribution if incorrectly assumed as homozygous.
Implementation of the two-parameter multinomial model to detect paternal TRD in the pig genome By using the two-parameter multinomial model, we have been able to report the genome-wide distribution of TRD in a livestock species. As a resource population, we have used a Duroc commercial line constituted by five half-sib families and fully described by Gallardo et al. (2008) . Although 29, 373 SNPs in the Duroc data set fulfilled the requirements in terms of call rate, minimum allele frequency, and mapping location (see Materials and Methods), 2809 of them (9.56%) were discarded because all Duroc boars displayed homozygous genotypes, thus preventing any further analysis of TRD. It is important to note that these SNPs segregated in the offspring generation (with a minimum allele frequency .0.05). In the sire generation, all chromosomes evidenced a similar pattern of distribution of the SNPs (Table 1) , with most of them (.85%) being fixed in at least two boars. Indeed, only 147 SNPs (0.5%) were heterozygous in all five boars. Although the number of SNPs with at least one heterozygous boar clearly differed across chromosomes, they covered the whole genome with an average distance between successive SNPs of 95,297 bp and a maximum distance of 32,312,711 bp.
As shown in Figure 2A , most of the estimates of TRD effects concentrated around 0, without discarding extreme values close to the lower (20.5; i.e., null inheritance of the A 1 allele) and upper (0.5; i.e., null inheritance of the A 2 allele) biological bounds. Statistical relevance was evaluated by the BF (Figure 2B ) that, after appropriate rescaling for multiple-testing correction, revealed decisive evidence (BF . 100) of TRD in all chromosomes (84 SNPs; Figure 3 , Table 2 ) with the only exception of chromosome 12 ( Figure 2B ). Before discussing TRD effects, it is important to highlight the impact of the parametric bootstrap for multiple-testing correction on the final estimates. Average BF 0.95 increased with the number of heterozygous boars, reaching values of 2.04 (one boar), 3.03 (two boars), 15.37 (three boars), 42.76 (four boars), 135.09 (five boars), and 256.30 (all boars). This procedure prevented a huge incidence of false positives, mainly when the number of heterozygous boars was large. The wide distribution of SNPs with significant TRD must be interpreted in the light that pigs were randomly sampled at an age of 6 weeks, and multiple biological mechanisms could contribute to these allelic departures up to this age. Sperm competition [i.e., the preferential transmission of one of the two alleles to the zygote (Agulnik et al. 1990; Lyon 1991; Dyer et al. 2007; Labbe et al. 2013) ] could have a role during the early stages of male gametogenesis and fertilization, although embryo or fetal failure (Wakasugi 1974) and differential viability during the first 6 weeks of life (Moore 2006) could also be responsible of TRD effects. Although heritabilities for embryo survival [0.04 (Gama et al. 1991 (Casellas et al. 2004) ] are low in pigs, they provide compelling evidence that survival traits are regulated by genetic factors. This could unbalance the presence of paternal alleles from heterozygous boars in the offspring generation. It is important to note that all 84 SNPs showing BFs . 100 clustered (,1 Mb) to other SNPs with BF .10 (see Figure 3A as an example). This kind of pattern is highly relevant to discard unrealistic TRD due to genotyping errors. Note that, if present, genotyping errors must affect a single SNP, without influencing neighboring SNP. Within this context, our methodological approach must be discouraged if a single gene marker is available. The TRD model must be applied on dense marker data sets and statistically relevant markers should be corroborated by the linked pattern of companion genetic markers.
We have also investigated whether regions containing the most significant TRD signals are enriched in specific gene ontologies by using BiNGO and DAVID tools. These analyses revealed that the most enriched categories were quite broad (Table 3) and they included subjects such as nucleosome, nucleosome assembly, nucleosome organization, chromatin assembly, protein-DNA complex assembly, DNA conformation change, and DNA packaging. These functional categories included, fundamentally, genes encoding histones. Paternal histones could play a key role not only during spermatogenesis but also during embryo development. Indeed, sperm cells conserve 15% of paternal histones during the histone-to-protamine replacement phase that follows meiosis (Oliva 2006) . It is well known that post-translational changes of histones have a major impact on chromatin structure and gene expression in the developing embryo (Rugg-Gunn et al. 2010) . For instance, histone methylation is essential to establish epigenetic asymmetry in the mouse zygote (Arney et al. 2002) and regulates its pluripotency (Torres-Padilla et al. 2007) . Variability near or within the histone genes might lead to the alteration of epigenetic marks or histone expression levels, thus compromising embryo survival. Another relevant category was constituted by genes that encode transcription factors that are deeply involved in embryogenesis such as PAX5 that is essential for the genesis of the midbrain and cerebellum (Pfeffer et al. 2000) , HOXD genes (HOXD1, HOXD3, HOXD4, HOXD8, HOXD9 , HOXD12, and HOXD13) that are important for the innervation of the hindlimbs (Tarchini et al. 2005) and digit development (Delpretti et al. 2012) , and DMRT1 and DMRT2 that are involved in somitogenesis (DMRT2) and sexual determination (Bellefroid et al. 2013) . Notably, the loss of function of DMRT1 has been recently reported as a potential cause for human spermatogenic failure (Lopes et al. 2013) . Interestingly, the categories "mesodermal cell fate determination" and "skeletal system morphogenesis" were also enriched in TRD genomic regions, although at a low significance level.
We also compared our list of genes with those reported in the review of Huang et al. (2013) as affected by TRD. We found several coincidences that are worth mentioning: for instance, DLG5, which is necessary for the polarization of citron kinase in mitotic neural precursors (Chang et al. 2010 ). This locus is associated with Crohn's disease and the susceptibility allele is transmission distorted among male progeny (Friedrichs et al. 2006) . Another relevant gene is MEGF9 that might have Table 3 Gene ontology enrichment analysis of the regions with highly significant transmission ratio distortion signals (Bayes factor > 100), obtained with the Cytoscape plugin BiNGO (Maere et al. 2005) and DAVID tools (Huang et al. 2009 a tumor suppressor function and showed a TRD pattern in human pedigrees from the Framingham Heart Study (Paterson et al. 2009 ). Finally, SCA1 is associated with the occurrence of spinocerebellar ataxia type 1 and displays TRD in families affected by this neurodegenerative disease (Riess et al. 1997) .
Other genes of our list for which TRD has not been previously reported might also have a determinant role in gamete or embryo survival. For instance, we have detected 15 TRIM genes whose biological functions are related with cell death, tumorigenesis, cell cycle regulation, muscular physiology, and immunity (Napolitano and Meroni 2012) . Interestingly, TRIM32 has been associated with the occurrence of limb girdle muscular dystrophy type 2H and Bardet-Biedl type 11 syndromes (Napolitano and Meroni 2012) . Another example is SIRT1, whose inactivation provokes genomic instability, impaired DNA damage response, and heterochromatin formation, and, as a consequence of these alterations, embryo lethality (Wang et al. 2008) In summary, we have implemented a new method that allows us to detect TRD at a genome-wide scale and overcomes many of the limitations of preceding methods; i.e., they could be applied only to a very restricted range of population structures and lacked appropriate tools to handle missing genotypes in the parental generation. Moreover, we have used this Bayesian method to screen the pig genome and, in doing so, we have demonstrated that TRD is considerably prevalent, as previously demonstrated in other species. Many of the regions with highly significant TRD signals contained genes displaying functions that are expected to influence offspring viability. These findings and the methodology we have implemented should provide the grounds to investigate in more detail the genetic architecture of gamete, zygote, and embryo survivability not only in model organisms, but also in many other species, such as livestock.
